Hepatitis C virus (HCV) helicase, non-structural protein 3 (NS3), is proposed to aid in HCV genome replication and is considered a target for inhibition of HCV. In order to investigate the substrate requirements for nucleic acid unwinding by NS3, substrates were prepared by annealing a 30mer oligonucleotide to a 15mer. The resulting 15 bp duplex contained a single-stranded DNA overhang of 15 nt referred to as the bound strand. Other substrates were prepared in which the 15mer DNA was replaced by a strand of peptide nucleic acid (PNA). The PNA-DNA substrate was unwound by NS3, but the observed rate of strand separation was at least 25-fold slower than for the equivalent DNA-DNA substrate. Binding of NS3 to the PNA-DNA substrate was similar to the DNA-DNA substrate, due to the fact that NS3 initially binds to the single-stranded overhang, which was identical in each substrate. A PNA-RNA substrate was not unwound by NS3 under similar conditions. In contrast, morpholino-DNA and phosphorothioate-DNA substrates were utilized as efficiently by NS3 as DNA-DNA substrates. These results indicate that the PNA-DNA and PNA-RNA heteroduplexes adopt structures that are unfavorable for unwinding by NS3, suggesting that the unwinding activity of NS3 is sensitive to the structure of the duplex.
INTRODUCTION
Approximately 4% of the population world wide is infected by hepatitis C virus (HCV). HCV establishes a chronic infection of the liver that causes cirrhosis and can lead to the development of hepatocellular carcinoma (1) . Current drug therapies for HCV infection often fail to resolve viral infection, therefore, new approaches for treating HCV infection are necessary. Virus multiplication is dependent upon a series of proteins expressed from the HCV genome, including multiple nonstructural proteins that likely participate in genome transcription and replication (1) . In particular, non-structural protein 3 (NS3) contains protease and helicase activities and is considered an important target for anti-HCV therapies.
Helicases are enzymes required for replication, recombination, repair, transport and other metabolic events involving DNA or RNA (reviewed in 2-5). These enzymes exhibit an ATPase activity that is stimulated upon binding to nucleic acid. Structural and biochemical studies have shed light on potential mechanisms for these enzymes, however, the manner in which the energy from ATP hydrolysis is transduced to produce mechanical work remains unclear. For many helicases a single-stranded nucleic acid overhang adjacent to the duplex region serves to load the enzyme onto the substrate, thus permitting the enzyme to initiate unwinding in vitro. Whether the loading strand is 5′ or 3′ to the duplex leads to classification of the enzymes as 5′→3′ or 3′→5′, respectively. Helicases have been organized into a number of superfamilies based upon sequence homology (6) . Several common helicase motifs have been identified, suggesting that some mechanistic aspects may be shared among the different families. NS3 is a 3′→5′ helicase classified in superfamily 2.
The mechanism for DNA unwinding by helicases has been described in terms of an 'active' or 'passive' mechanism (2) . In the active mechanism the helicase is believed to bind to each strand of the duplex followed by active separation of the two strands. In the passive mechanism the helicase sequesters a single-stranded nucleic acid that forms due to thermal fluctuations at a single-stranded/double-stranded nucleic acid junction. Translocation along single-stranded (ss)DNA with a strong directional bias is required for duplex unwinding via a passive mechanism. An 'active, rolling' mechanism has been suggested for the Rep helicase from Escherichia coli (7, 8) . Biochemical evidence for this functionally dimeric helicase has led to a model in which each subunit participates in binding and unwinding of double-stranded (ds)DNA. The two Rep subunits alternate positions at a single-stranded/doublestranded DNA junction in a process driven by binding and hydrolysis of ATP. An active mechanism for unwinding has been proposed for PcrA, a monomeric helicase, based upon crystal structures of PcrA bound to a single-stranded/doublestranded DNA junction in the presence of ADP or an ATP analog (9) . The structures suggest that this enzyme interacts with the duplex region. Recent biochemical evidence indicates that these interactions disrupt the duplex in an ATP-dependent fashion (10) .
A loading strand is required to initiate unwinding by NS3, but interactions between the enzyme and the displaced strand or duplex region of the substrate have not been well defined. NS3 has been proposed to function using a passive mechanism *To whom correspondence should be addressed. Tel: +1 501 686 5244; Fax: +1 501 686 8169; Email: raneykevind@exchange.uams.edu based upon kinetic measurements of duplex DNA unwinding (11) . Additionally, NS3 separates blunt-ended, 5′-tailed and 3′-tailed duplex DNA in the absence of ATP (12) . The crystal structure of the helicase domain bound to ssDNA led Kim et al. to suggest an inchworm model for unwinding that is consistent with a passive mechanism, however, the possibility of interactions between the helicase and the displaced strand was not eliminated (13) . Others have investigated unwinding by NS3 using 2′-O-methyl RNA substrates and concluded that NS3 interacts only weakly with the displaced strand (14) . Thus, evidence for a specific interaction between NS3 and the duplex region of the substrate is lacking.
We have investigated the substrate requirements for NS3 by replacing one of the duplex strands with an analog and measuring the effect of the modification on the kinetics of unwinding. Peptide nucleic acid (PNA)-DNA, PNA-RNA, morpholino-DNA and phosphorothioate-DNA substrates were evaluated (Fig. 1) . We found that PNA-DNA and PNA-RNA heteroduplexes are poor substrates for unwinding by NS3 while DNA-morpholino and DNA-phosphorothioate duplexes serve as efficient substrates. These data provide evidence for an interaction between NS3 and the duplex region of substrates in addition to the loading strand.
MATERIALS AND METHODS

Materials
Phosphoenolpyruvate (tricyclohexylammonium salt), ATP (disodium salt), NADH, PMSF, pepstatin A, lysozyme, Sephadex G-25 and phosphoenolpyruvate kinase/lactate dehydrogenase (in glycerol) were obtained from Sigma. HEPES, EDTA, BME, SDS, MOPS, NaP, xylene cyanol, bromophenol blue, Tris, dextrose, IPTG, NaCl, ammonium sulfate, glycerol and MgCl 2 were obtained from Fisher. T4 polynucleotide kinase was purchased from New England Biolabs. NZCYM and Bacto-agar were obtained from Difco Laboratories. [γ-32 P]ATP was purchased from New England Nuclear. DNA oligonucleotides and phosphorothioate oligomers (Operon Technologies) and RNA oligonucleotides (Dharmacon Research) were purified by preparative polyacrylamide gel electrophoresis and stored in 10 mM HEPES pH 7.5, 1 mM EDTA as described (15) . PNAs were prepared, purified and characterized as described (16) . The morpholino oligomer was obtained from Gene Tools. Purified oligonucleotides were quantified by UV absorbance at 260 nm in 0.2 M KOH with calculated extinction coefficients. Macro-Prep High Q strong anion exchange support and Macro-Prep methyl HIC support were purchased from Bio-Rad Laboratories. Poly(U)-Sepharose 4B support and heparin-Sepharose CL-6B support were purchased from Pharmacia Biotech.
Cloning, expression and purification of NS3
The gene encoding HCV NS3 protease/helicase was amplified from an infectious HCV clone (genotype 1b) (17) by PCR as described previously (18) . The following oligos were employed: NS3-helicase-for, 5′-GCGTCTAGACCGCGGT-GGAGCGCCCATCACGGCCTACTCCCAAC-3′; NS3-helicase-rev, 5′-GCGGAATTCAGATCTTTACTAAGTGAC-GACCTCCAGGTC-3′. Sites used for cloning (SacII in the for oligo and BglII in the rev oligo) are underlined and helicase coding sequences are shown in bold. Stop codons in the rev oligo are indicated by italics. The gene was cloned into the pET-ubiquitin vector system (18) using standard recombinant DNA methodology (19) . The final construct was sequenced by the Pennsylvania State University Nucleic Acid Facility.
Escherichia coli BL21(DE3) cells were co-transformed with the plasmid encoding the NS3-ubiquitin fusion construct and a plasmid encoding the ubiquitin protease according to Novagen specifications. A 100 ml culture was grown overnight in NZCYM broth (pH 7.6) at 37°C. An aliquot of 5 ml of the overnight culture was used to inoculate a 500 ml culture in NZCYM broth (pH 7.6) at 37°C. The large scale culture was grown to an OD 600 of 1.5. Dextrose (0.2%) and IPTG (0.5 mM) were added to the cultures and induction proceeded for 15 h at 15°C. Cells were harvested by centrifugation at 6500 g for 10 min in a Beckman JLA 10.500 rotor. Cell lysis was performed in purification buffer (25 mM Tris-HCl, pH 7.5, 1 mM EDTA, 5 mM BME, 10% glycerol) containing 0.5 M NaCl, 2 mM PMSF, 4 µg/ml pepstatin A and 0.2 mg/ml lysozyme. The lysate was passed through a nitrogen bomb, followed by sonication. The suspension was centrifuged at 48 000 g for 30 min in a Beckman JA 25.50 rotor. The supernatant was further clarified by centrifugation at 240 000 g for 2 h in a Beckman Type 50.2 Ti rotor. NS3 in the supernatant was purified by column chromatography following previous procedures (20) with some modifications as described below. For all chromatographic steps fractions containing NS3 were identified by SDS-PAGE and ATPase assay. The supernatant was passed through a 30 ml Macro-Prep High Q strong anion exchange column equilibrated in purification buffer. NS3 does not bind to this column under these conditions. Protein was then precipitated by addition of ammonium sulfate to 55% saturation. After centrifugation the pellet was then suspended in purification buffer plus 0.5 M NaCl and 0.5 M ammonium sulfate. The suspension was then loaded onto a column containing 40 ml of Macro-Prep methyl HIC resin and eluted with a linear gradient of 1.5-0 M ammonium sulfate in purification buffer. Fractions containing NS3 were identified, collected and dialyzed against purification buffer plus 0.05 M NaCl. The dialyzed solution was loaded on a column containing 20 ml of poly(U)-Sepharose 4B and eluted with a linear gradient of 0.05-2 M NaCl in purification buffer. Fractions containing NS3 were dialyzed against purification buffer plus 0.05 M NaCl then loaded onto a column containing 30 ml of heparinSepharose CL-6B. NS3 was eluted by a linear gradient of 0.05-1 M NaCl in purification buffer. Appropriate fractions were collected, dialyzed against purification buffer plus 0.05 M NaCl, concentrated by ultrafiltration, frozen in liquid nitrogen and stored at -80°C. NS3 concentration was measured by UV absorbance at 280 nm using a calculated extinction coefficient of 64 000 M -1 cm -1 .
Helicase substrates
The sequences of the NS3 substrates are listed in Figure 2 . Purified oligonucleotides were 5′-radiolabeled with T4 polynucleotide kinase at 37°C for 1 h. The kinase was inactivated by heating to 70°C for 10 min and unincorporated [γ-32 P]ATP was removed by passing the labeled oligonucleotides through two Sephadex G-25 spin columns. Helicase substrates were prepared by mixing equivalent amounts of radiolabeled oligonucleotide with the appropriate complementary strand, heating to 95°C for 10 min and then slow cooling.
NS3 unwinding assays
The NS3 unwinding substrate was a 30mer oligonucleotide (DNA or RNA) annealed to either a 15mer oligonucleotide (DNA or RNA), PNA, phosphorothioate or morpholino strand leaving a 3′-single-stranded overhang. Substrate (20 nM) was incubated for 10 min with 0.5 µM NS3 (unless otherwise stated) in 50 mM MOPS-K + pH 7.0, 50 µM EDTA at 25°C. Reactions with varying concentrations of NS3 were limited to a final concentration of 4 µM due to the stock concentration of purified NS3. The reaction was initiated by addition of 5 mM ATP, 4 mM phosphoenolpyruvate, phosphoenolpyruvate kinase/lactate dehydrogenase (10 and 15.5 U, respectively), 3.5 mM MgCl 2 and 250 nM 15mer trapping strand in 50 mM MOPS-K + pH 7.0. Reactions were quenched at various times by addition of 100 mM EDTA and 0.7% SDS. Aliquots from each time point were mixed with non-denaturing gel loading buffer (30% glycerol, 0.1% bromophenol blue, 0.1% xylene cyanol) and analyzed by electrophoresis on a 20% native polyacrylamide gel. The fractions of single-stranded 30mer and 30mer remaining in duplex form were determined with a Molecular Dynamics PhosphorImager and ImageQuant software. Data fitting was performed using the program Kaleidagraph (Synergy Software).
In order to measure the rate of strand separation for the RNA-RNA substrate and phosphorothioate-DNA substrate, unwinding assays were performed using a Kintek rapid chemical quench flow instrument at 25°C. The unwinding conditions were as described above. Rapid mixing of reactants was followed by varying incubation periods, after which the unwinding reaction was quenched with 100 mM EDTA and 0.7% SDS (21) . The reaction products were analyzed as described above. Previous reports indicate that under conditions of excess enzyme over substrate NS3 can unwind duplexes in an ATP-independent fashion (12) . Control experiments in the absence of ATP indicated that all unwinding reported here was dependent on the presence of ATP (data not shown).
Melting temperature analysis
The duplex portion of each substrate was used to determine the T m value. These hybrids were prepared by heating a 1:1 mixture of oligonucleotides for 10 min at 95°C, then allowing the mixture to slowly cool. Substrates (4 µM) in 50 mM MOPS-K + pH 7.0, 2 mM NaCl, 50 µM EDTA were heated from 25 to 95°C at a rate of 0.7°C/min. The change in absorbance at 260 nm was observed on a Pharmacia Biotech spectrophotometer and the substrate melting temperature was determined using Swift software (Pharmacia Amersham).
Binding experiments
Binding experiments were performed using a Beacon fluorescence polarization system (PanVera). Substrates (0.5 nM) were composed of a 5′-fluorescein-labeled 30mer DNA annealed to the appropriate 15mer as described above. Binding buffer consisted of 50 mM MOPS-K + pH 7.0, 50 µM EDTA. Titration with NS3 was followed by the change in polarization (mP). Binding data were fitted to a hyperbola using the program Kaleidagraph (Synergy Software).
RESULTS AND DISCUSSION
Rationale
An interaction between NS3 and the displaced strand of the duplex may occur with the sugar-phosphate backbone, possibly in a manner dependent upon electrostatic interactions (9, 13) . By changing the composition of the backbone of the displaced strand it is possible to evaluate the existence, nature and function of such an interaction. PNAs are polymers that mimic some of the properties of DNA (22) . They are made up of the normal purine and pyrimidine bases linked together via a N-(2-aminoethyl)glycine backbone (Fig. 1) . Bases of PNA pair with bases of DNA and RNA via formation of Watson-Crick hydrogen bonds. The heteroduplexes are often more stable than their DNA-DNA or RNA-RNA counterparts (23) . The neutral, peptide-like structure of the PNA backbone would not be expected to participate in electrostatic interactions with NS3. The PNA backbone also lacks the steric bulk of the phosphodiester backbone, therefore, van der Waal's interactions between NS3 and the displaced strand of substrate might also change on using PNA.
Morpholino oligomers contain the nitrogenous bases that form Watson-Crick hydrogen bonds with complementary oligonucleotides (Fig. 1) . A morpholino-DNA hybrid would maintain a neutral backbone while providing a larger interaction surface than PNA. In addition, these hybrids should have a thermal stability similar to that of a DNA-DNA substrate of equivalent sequence. Phosphorothioates are oligonucleotide analogs that contain a sulfur atom in place of an oxygen atom in the phosphate backbone (Fig. 1) . This modification should only perturb interactions with NS3 if the size of the oxygen atom or length of the P-O bond is absolutely essential.
Substrate preparation
DNA, RNA, PNA, morpholino or phosphorothioate oligomers (15mers) were annealed to DNA or RNA oligonucleotides (30mers) to create the substrates shown in Figure 2 . Substrates were named according to whether they contain DNA-DNA (DD), PNA-DNA (PD), RNA-RNA (RR), PNA-RNA (PR), phosphorothioate-DNA (SD) or morpholino-DNA (MD) duplexes. Two different sequences, DD1 and DD2, were designed in order to determine whether sequence modulates unwinding efficiency. Two additional substrates, DD3 and DD4, were designed to have different T m values by altering the GC content relative to DD1 and DD2.
NS3 unwinding assays
To monitor helicase-catalyzed unwinding, conditions were employed in which enzyme concentration exceeded that of the substrate, as shown in Figure 3 . NS3 was incubated with substrate and the reaction was initiated by addition of ATP. The 30mer is referred to as the 'loading strand' because it contains the single-stranded overhang necessary for optimal unwinding by NS3. In order to prevent spontaneous re-annealing of product strands, a trapping strand was introduced into the reaction mixture along with the ATP. Reactions were quenched by addition of EDTA (100 mM) and SDS (0.7%). Single-stranded reaction products were separated from duplex substrates by non-denaturing PAGE and visualized using a phosphorimager (Fig. 4) . The PNA substrates were found to migrate more slowly than the unmodified substrates, presumably due to the lack of charge on the PNA strand (Fig. 4) . To determine the amount of NS3 required for complete unwinding of the substrate, 20 nM DD1 was unwound with 0.25, 0.5 or 1 µM NS3 (Fig. 5A and Table 1 ). At each NS3 concentration employed substrate was unwound at similar rates. In the experiments described below a NS3 concentration of 0.5 µM was employed unless otherwise stated.
PNA-DNA and PNA-RNA duplexes are poor substrates for unwinding by NS3
Substrates DD1 and DD2, which differ by inversion of the duplex region, were unwound with pseudo first order rate constants of Figure 3 . Assay for measuring helicase activity. Substrates are prepared by radiolabeling the loading strand and annealing the purified oligonucleotides. Helicase-catalyzed unwinding leads to production of a single-stranded nucleic acid that can re-anneal spontaneously. A trapping nucleic acid strand is included to prevent re-annealing, thereby allowing the products to be separated by gel electrophoresis. Table 1 . Unwinding rates for DD1, PD1 and RR at varying NS3 concentrations a Rates were obtained by fitting data for unwinding to a single exponential using the program Kaleidagraph (Synergy Software). Errors are standard errors for the best fit of the data. b Rates shown are for the first phase of the fit of the data to the sum of two exponentials. Table 2 ). In contrast, the PNA-DNA substrates were unwound much slower ( Fig. 5B and D) . PD1 and PD2 were unwound with rate constants of 0.0010 ± 0.0003 and 0.0020 ± 0.0003 s -1 , respectively, which is 25-to 80-fold slower than the DNA-DNA substrates (Table 2 ). PD1 was not completely unwound at 0.5 µM, although increasing the concentration of NS3 up to 4 µM led to complete strand separation ( Fig. 5B and Table 1 ). At 4 µM NS3 PD1 is unwound at a rate of 0.0034 ± 0.0001 s -1 , which is ∼25-fold slower than DD1 (Table 1 and Fig. 6A ). The increase in unwinding rates for the PNA-DNA substrate at increasing concentrations of NS3 indicates that NS3 binds poorly to PD1 or that slow unwinding leads to dissociation of NS3 prior to complete separation of the strands, so that multiple binding events are required for complete unwinding. To distinguish between these possibilities, equilibrium binding between NS3 and DD1 and PD1 was measured. A fluorescein-labeled 30mer was hybridized to either the 15mer DNA or 15mer PNA to prepare the substrates. NS3 was titrated into solutions containing 0.5 nM fluoresceinlabeled DD1 or PD1 and fluorescence polarization was measured (Fig. 6B) . The equilibrium binding constants were similar for each substrate. Therefore, NS3 binds to PD1 with similar affinity to DD1, indicating that the difference in unwinding rates between these two substrates occurs due to slower unwinding of PD1, rather than weaker binding. The slow unwinding of PD1 is likely to lead to dissociation of NS3 from the substrate prior to complete separation of the duplex, which means that multiple association events are likely to occur on the time scale of the observed unwinding rate.
The unwinding data for the RNA-RNA substrate best fitted the sum of two exponentials. The first exponential accounted for less than half of the substrate (8.9 nM) at a rate (0.25 ± 0.04 s -1 ) that was slightly faster than the rate for unwinding of the DNA substrates ( Fig. 7A and Table 1 ). The rate of the second phase was substantially slower (0.041 ± 0.019 s -1 ). When the NS3 concentration was raised from 0.5 to 2 µM a larger fraction of RR was unwound in the first phase (12.3 nM), but the unwinding rates were similar (Fig. 7A and Table 1 ). Very little unwinding was observed for the PNA-RNA substrate (Fig. 7B) , even when the concentration of NS3 was 2 µM (data not shown). Hence, the PNA-RNA duplex is poorly recognized by NS3. This result supports the notion that NS3 is sensitive to the structure of the duplex region.
Substrates with different thermal stabilities slightly alter NS3 unwinding efficiency
The melting temperatures of PNA-DNA and PNA-RNA heteroduplexes are higher than their corresponding unmodified duplexes. DD1 and DD2 had T m values of 46.7°C whereas PD1 melted at 71.1°C and PD2 melted at 77.5°C (Table 2 ). The RNA-RNA duplex melted at 55.5°C and the PNA-RNA duplex melted at 74.3°C. Experiments were performed to determine if the increase in thermal stability of PNA-DNA substrates contributed to the slower unwinding rates. DNA-DNA substrates were prepared with varying GC contents and the T m value of each substrate was measured (Table 2 ). DD3 had a T m value of 41.9°C, which was 4.8°C lower than DD1, and DD4 had a T m value of 55.3°C, which was 8.6°C greater than DD1 ( Table 2 ). The rate of unwinding of DD3 (0.089 ± 0.004 s -1 ) was slightly faster than DD1, whereas the unwinding rate for DD4 (0.033 ± 0.001 s -1 ) was somewhat slower than DD1 ( Table 2) . The observed trend is a decrease in the unwinding rate as the thermal stability of the substrate increases. However, changes in the T m values of substrates are not sufficient to explain the dramatic reduction in unwinding efficiency observed for the PNA-DNA substrate (Table 2) .
Morpholino-DNA and phosphorothioate-DNA substrates are unwound as efficiently as DNA-DNA substrates by NS3
A morpholino strand was used in place of the PNA strand and the rate of strand separation was measured. The unwinding rate for morpholino-DNA was 0.090 ± 0.004 s -1 , which was slightly faster than the corresponding DNA substrate, DD2 ( Fig. 8A and Table 2 ). The T m value of morpholino-DNA was 57.2°C, which was similar to that of DD4 (Table 2) . A phosphorothioate-DNA substrate was prepared and the rate of strand separation by NS3 was measured. The unwinding rate of phosphorothioate-DNA was 0.12 ± 0.02 s -1 , which was in close agreement with the rate for the corresponding DNA substrate, DD1 ( Fig. 8B and Table 2 ). The T m value of phosphorothioate-DNA was 38.7°C, which was somewhat lower than the DNA duplex (Table 2) PNA-RNA duplexes adopt an A-like conformation (24), while PNA-DNA duplexes contain elements of B-form helices in many respects, except for base pair stacking, which is similar to A-form DNA (25) . The number of base pairs per helical turn is 13 for PNA-DNA duplexes, as compared with 10 for B-form DNA. The interaction between helicases and nucleic acids has been proposed to rely upon electrostatic interactions with the deoxyribose phosphate backbone (9, 13, (26) (27) (28) . PNA lacks the polyanion backbone of nucleic acids, thus PNA would not be expected to provide essential electrostatic interactions with a helicase.
At high NS3 concentration most of the RNA substrate was unwound in one phase at a slightly faster rate than the DNA substrates (Table 1) . Therefore, NS3 does not strongly discriminate between A-form RNA and B-form DNA. However, when the displaced strand of the DNA and RNA substrates was replaced with a strand of PNA, the rate for unwinding was reduced by 25-to 80-fold for PNA-DNA substrates and little or no unwinding was observed with the PNA-RNA substrate (Table 2) .
In contrast to PNA, exchange of the displaced strand of a substrate with either a morpholino or phosphorothioate strand did not result in reduced rates of unwinding ( Fig. 8 and Table 2 ). PNA and morpholino oligomers both have a neutral backbone, while phosphorothioates have a charged backbone that resembles DNA (Fig. 1) . Due to efficient unwinding of the morpholino substrate, the lack of a polyanion charge along the backbone does not account for the inhibition observed for PNA heteroduplexes. The structure of morpholino heteroduplexes has not been studied, but phosphorothioate-DNA duplexes have been shown to resemble a B-form helix with small differences in helical parameters (29) . Thus, structural properties that appear to be unique to the PNA-DNA duplexes reduce the ability of NS3 to unwind these substrates. The remaining difference between the substrates is in the steric bulk of the backbone. PNA has less steric bulk than morpholino and phosphorothioate oligos, suggesting that steric interactions between NS3 and the displaced strand may be responsible for optimal unwinding. The results with NS3 are in stark contrast to the bacteriophage T4 Dda helicase. Dda unwinds PNA-DNA substrates with similar rates to DNA-DNA substrates (21) .
PNAs have been used to target various functions of DNA or RNA (22) . PNAs have been used to inhibit enzymes such as DNA and RNA polymerases and ribosome progression when hybridized to DNA or RNA templates (30, 31) . One report has shown that a PNA capable of forming a triplex structure inhibited unwinding by the UL9 helicase (32) . PNAs have also been used as probes to study substrate recognition by a nucleic acid binding enzyme. Interactions between the RNA component of telomerase with a DNA primer were identified using PNAs targeted to specific regions of the RNA (33) . Recently, PNAs have been successfully introduced into cell cultures to inhibit telomerase by binding to its RNA component (34, 35) . Such an application might be useful to study replication of HCV in cell culture by targeting various regions of the RNA genome in order to interrupt RNA processing.
